INTRODUCTION
The ecosystems of our planet are severely threatened by human activities. The development and management of water resources by humans as well as climatic changes have altered the natural flow of rivers around the world, including various components of the flow regime and river habitats. Nowadays, the importance of naturally varying water flows in maintaining river and floodplain health is widely recognized (Matthews and Richter, 2007; Naiman et al., 2008) , and Ecosystems and Biodiversity provide a wide range of goods and services (Brauman et al. 2007 , Capon et al. 2009 , Millennium Ecosystem Assessment, 2005 . Thus there is a need for effective instruments to protect river systems from destruction and deterioration.
Within the framework of the CERPA (Certification of Protected Areas) research project and the present study, the wetlands of the Eastern Caprivi were chosen as a pilot study area because of their location at the confluence of the rivers Zambezi, Kwando/Linyanti/Chobe and their unique hydrological and ecologic characteristics. This wetland area provides many Ecosystem Services (ES) that are not only crucial for the local population (e.g. provision of fresh water and fisheries), but also internationally important (e.g. tourism, wildlife); thus the protection of these ES is of great importance. ES is the general name for goods and services provided by ecosystems; benefits which are provided "for free" and normally not assigned a monetary value. Wetland and floodplain ecosystems are known to be highly valuable and therefore provide a wide range of ES; however, there is a great necessity for research involving quantitative studies (Brauman et al., 2007; Carpenter et al., 2009; Nicholson et al., 2009) as well as the development of tools and schemes for a unified evaluation.
The study area comprises four main types of aquatic ecosystems; perennial rivers, mulapos, lakes and streams. Mulapo is the local name for non-permanent lentic water bodies, seasonal depressions receiving water only during the rains and annual flooding; due to the ES they provide, they are amongst the most valuable water bodies (Tvedten, 1994) . During the wet season they host (partly) protected fisheries, particularly important in developing countries as the most important source of animal protein for rural communities; and some fish species find habitats for reproduction in these standing waters. However, some wetlands and lakes in Africa are economically overfished (Weyl et al. 2010) , and fish communities are changing due to the replacement of some species by smaller, much less valuable species (Weyl et al., 2010; Peel et al. 2013) . The wetlands also provide food (fish, wild game, fruits and grain), fresh water, fibre, 2 fuel, biochemical (e.g. medicines) and genetic material (genes for resistance to plant pathogens, etc.). During the dry season, when the water recedes, mulapos provide the opportunity for local people to use the water for grazing and agricultural purposes, using the residual soil moisture. The maintenance of annual periods of inundation is fundamental to ensure the provision of benefits from ES. Therefore, it is necessary to establish an environmental flow regime in order to safeguard from the possibility of floods, maintain wetlands and keep the dynamics of the river-floodplain ecosystem in the Eastern Caprivi alive.
Among the various approaches, the holistic methods for environmental flow assessment (EFA) were mainly developed in South Africa and Australia, where the emphasis was on ensuring the protection of entire rivers and their often poorly known biota (Tharme, 2003) . However, in other countries, with scarce ecological data, the application of holistic methods can be costly. For instance, it has been reported that many government entities are unable (or unwilling) to afford the cost of applying the ELOHA approach (generally ranging from $100k to $2M), especially in situations where existing biological data and hydrological models have poor spatial coverage (Richter et al., 2012) . On the contrary, hydrological methods such as the Range of Variability Approach (RVA) have been intensively applied in various countries (Tharme, 2003) and provide a comprehensive statistical characterization of ecologically relevant features of flow regimes (Richter et al., 1997) . Furthermore, several researchers consider RVA to be a holistic or ecologically-based (Arthington, 1998; Bragg et al., 1999) approach.
In the present study, RVA was applied due to its ecological significance, limited cost and relatively low data requirements. However, this method does not integrate tools for the spatial analysis of floodplain habitats, which is of great relevance in large wetlands where diverse types of water bodies are present and changes in the water table vary accordingly (for details, see Purvis, 2002) . For this reason, an innovative analysis combining hydrological and remote sensing tools was applied to the aquatic habitats; to our knowledge, such analysis has not been applied in EFA before. This is the main methodological innovation of this study, representing a useful approach in extensive areas with scarce ecological field data.
The main objective of this study was to set up the hydrological baseline for the development of environmental flow regimes (EFR) in the wetlands of the Eastern Caprivi. There is no precedent scientific study on the environmental flow regimes in this area, to our knowledge. The specific objectives were; i) the assessment of the fundamental hydrologic parameters, i.e. Environmental Flow Components (EFC), needed to propose EFR in the current near-natural hydrologic conditions; ii) the generation of future scenarios for climatic and socioeconomic changes; iii) the estimation of the area-duration curves and estimated annual habitat during the inundation of the critical habitats for the regional fisheries (mulapos), under the existing conditions and future scenarios; and iv) to provide a framework for the future application of EFRs in the existing conditions and under future scenarios of climatic and socioeconomic changes, based on hydrological and ecological processes in the wetland.
STUDY AREA
Caprivi (recently renamed Zambezi region) is one of the few regions of Namibia where water scarcity is a minor concern. It has ca. 370,000 ha, of which 220,000 are considered wetland habitats (Turpie, 1999) , and it is home to about 110,000 people. Fishing is one of the most important economic activities, including subsistence, commercial and trophy fishing. A total of 3 81 fish species occur in the Zambezi system; the most common are the threespot tilapia, greenhead tilapia, redbreast tilapia (Oreochromis and Tilapia spp.), catfish (Clarias spp.), tigerfish (Hydrocynus vittatus) and African pike (Hepsetus odoe) (MFMR 1995 , in Thorstad et al., 2001 ).
This region experiences higher rainfall, less evaporation and warmer winters than any other in Namibia (Mendelsohn, 1997) . Climate is semiarid, i.e. there is a wet season (January-June) and a dry season (July-December). Although rains might start in November, heavy rains mainly occur from January to April. The water level in the Zambezi River usually rises sharply in January, with one or more peaks between February and April (Thorstad et al., 2007) ; the total annual variation in water level is up to 7-8 m in this area (Van der Waal & Skelton, 1984) . In May, rains usually stop and the water level starts to decline. There is a high variability of river flow in the Zambezi, not only on a monthly, but also an annual basis. Flooding starts when flow is over 1350 m 3 s -1 and river level rises above 7.40 m (The World Bank, 2010). In extreme years, floodings are so massive that they overrun a subcatchment-boundary in the west of the CapriviChobe floodplain. At these times, water flows through Bukalo Channel into Lake Liambezi; these extreme years are (other than through direct precipitation) the only source of water for this lake, filling it by a much greater magnitude than could be achieved by precipitation (evapotranspiration in Namibia exceeds precipitation) and, in so doing, provides water in sufficient quantity to enable freshwater fishing.
METHODS

Conceptual framework of flow-biota relationships
To discuss the influence of the diverse aspects of the river flow regime on the habitats, biota and ecosystem services, it is advisable to develop a conceptual framework of how the river system works. The definition, either qualitative or quantitative, of the linkages between the physical and biological processes is a fundamental step to test, discuss and make assumptions on the potential effects of flow regulation on the biologic processes and the aquatic communities (Souchon et al., 2008) . This is a relevant step in any holistic approach for EFA (Arthington et al., 2003; King et al., 2003) . However, the actual flow-ecology relations have not been documented in this river. Therefore, it is notable that here we propose a conceptual framework (in linguistic terms) for the influence of river flow on the fish community in the study area; it is based on specific regional information about the fish communities and on the flood pulse concept (Junk et al., 1989) developed in tropical rivers. In the Zambezi river system, the interconnection of the river channel and floodplain is critical because functions such as production, decomposition, and consumption are driven by the flood pulse, as also occurs in other large rivers (see e.g. Sparks et al., 1990) .
The conceptual framework is explained herein. During the dry season (July-December), as water recedes, some fish remain isolated in the mulapos, lakes, permanent isolated channels (kasaya) and other habitats in the floodplain until the end of the dry season. Fish accumulate in the low-flow habitats and refuges; there is a high natural mortality in the isolated pools and streams (Purvis, 2002) . Some fish species may spawn during this period, e.g. some species of tilapia that raise multiple broods during the warmest months and prefer slow-flowing or standing water such as pools, backwaters and floodplain lagoons (Skelton, 1993) . Along with the early rains (usually in December), the water level starts to rise and the upstream migration 4 of some fish species starts; the migration period is typically from December to April. Some species of the genus Labeo, Barbus, Hydrocynus, Clarias and Schilbe are considered as longitudinal migrants, spawning during the wet season. During the period of sporadically occurring heavy rains (January-April) the spawning of many fish species coincides with the rising flows and floods, as is common for many species in the tropics (Ikomi, 1996; Kirschbaum & Schugardt, 2002; McClain, et al., 2014) . Thus, the juveniles can be on the floodplain during the wet season and have access to plentiful food supplies (Purvis, 2002) . During the wet season, fish are widely dispersed across the floodplains and intensive feeding takes place. Most Namibian fish species (78%) are floodplain-dependent in the larval and juvenile stages and depend on migration between the floodplains and the main river (Barnard, 1998) . Towards the end of the wet season (May-June), as water recedes, the fish move downstream towards the principal river channels; then some fish remain in dry-season habitats. Based on this conceptual framework, the association between the environmental flow components (Table 1 ) and relevant processes of the fish communities was made, enabling the future design of EFRs.
Table 1
Assessment of EFCs under Existing Condition
The software IHA (Indices of Hydrological Alteration) for Environmental flows (version 7.1; The Nature Conservancy, 2009) was used to calculate the parameters of five groups of EFCs with non-parametric statistics; low flows, extreme low flows, high-flow pulses, small floods, and large floods (Mathews and Richter, 2007) . The only gauging site available was Katima Mulilo, located upstream of the floodplain of Caprivi, in the Zambezi River. The river flow time series comprises the mean daily flow (m 3 s -1 ) from 1943 to 2011, excluding the years 1955 -1964 (GRDC, 2013 . These data were provided by the Department of Water Affairs (DWA) of Namibia, comprising the Existing Condition (EC; nearly natural, not regulated). For the calibration of the EFC algorithm, the standard two-step process was applied (The Nature Conservancy, 2009). Additionally, a trend assessment of the EFCs was performed.
WEAP model for the Caprivi-Chobe floodplains: data, setup and calibration
The hydrological decision-support-system (DSS) WEAP21 (www.weap21.org) was set up to investigate the impact of climatic and socioeconomic changes on water resources in the CapriviChobe floodplains. The results from this model create the baseline for the research presented here. The model works on a monthly basis and allows for the flexible incorporation of available input data (such as information on flooding extent, socioeconomic development, etc.). Input data used for setting up the model are summarized in Table 2 . Before the establishment of the model, an extended hydrological and socioeconomic analysis based on statistical tests and existing studies was conducted. The hydrological analysis comprised; i) trend detection using the non-parametric Mann-Kendall test and, ii) the identification of periodic behaviour using CUSUM and Mann-Whitney tests (for both, see Kundzewicz & Robson, 2004) . These tests were carried out for the variables of precipitation, runoff and temperature. Further statistical analysis on existing runoff data included the creation of flow duration curves, flood frequency analysis and calculation of low-flow statistics (for details, see Beyer & Billib, 2013) . For the validation and interpretation of the data, existing studies were used (World Bank, 2010; Mendelsohn et al., 1997; Tyson et al., 1975) . In addition, the observed hydrographs were classified into five water year types; very dry, dry, normal, wet and very wet, based on the criteria summarized in Appendix 1. The classification was used for a further analysis of the periodical behaviour by means of frequencies of occurrence and transition probabilities. This step was crucial for the analysis and creation of future scenarios, explained in the next section.
Table 2
The WEAP model was set up for the period 1965-2010 using mean runoff from the classified water year types (not the actual runoff data recorded at Katima Mulilo) as input. Water demands and growth rates were implemented using the data summarized in Table 2 . As stated earlier, the best estimates for the different demand sectors were used. It should be acknowledged, however, that data on demands are generally scarce and subject to high uncertainty. The gross amount of water entering the floodplain was determined directly from the flow hydrograph via peak-overthreshold, assuming a threshold of 1350 m³/s for the initiation of flooding (World Bank, 2010) . The floodplain was treated as a reservoir within WEAP. The volume-elevation curve was derived from the SRTM elevation model and subsequent analysis within GIS.
Subsequently, these data were implemented into the model and water fluxes routed through the model for the calibration period . Observed runoff at the outlet of the catchment was then compared to the modelled results. Due to the particular character of the floodplain (the direction of flow during the rainy season is out of the river, not into the river), no 'classical' hydrological calibration was carried out. Rather, the described procedure allows a validation of the defined criteria for the water year types, as well as of the model input data. Hence, if the model is parameterized correctly, runoff at the outlet should be in good agreement with the observed flow. In Appendix 2, the modelling scheme (redrawn from WEAP21 GUI) is presented. For comparison between observed and modelled flow at Victoria Falls (the catchment outlet) we refer to Beyer & Billib (2013; available online) .
Future scenarios for climatic and socioeconomic changes
Whenever scenarios are created, just one or a few are often not sufficient. Rather, a variety of scenarios is established and the reality -which is unpredictable -is supposed to be covered by the range of scenarios. This common approach (e.g. IPCC, 2007; Grunewald & Bastian, 2012) is illustrated in Fig. 1 .
Fig. 1
Based on statistical analysis and the subsequent classification into water year types, a stochastic approach for the creation of future scenarios for climate was developed as follows ( Fig.2): i) Based on the statistical analysis of the past hydro-climate and reports on possible future evolution, a variety of possible future pathways was constructed. For this purpose, the observed relative frequency of occurrence of a certain water year type (within a wet or dry cycle, respectively) was taken and (if assumed in the particular scenario) modified according to the particular scenario. For example, in a scenario where a 5% increase of extreme events was predicted, the probability for very dry and very wet years was raised in this scenario).
ii) According to the probabilities defined in step i), a random generator was assigned in order to create a sequence of water year types for each climate scenario. The stochastic generation was performed separately for each cycle, i.e. in 18-year intervals (resulting from the statistical analysis, detailed in Appendix 3). That is, if a wet cycle was to be generated, the resampling procedure was repeated until the generated relative frequencies closely matched the relative 6 frequency of the wet cycles in the observed series. For the scenarios, where an increased probability of extreme events was assumed, the target probabilities were modified accordingly.
iii) A second random generator was applied to replace the sequence of water year types with the hydrographs from incidentally chosen years of the class of corresponding observed series. That is, if the sequence of water year types is dry -very dry -wet, first any dry year from the observed series is selected and the hydrograph is used; then, a randomly chosen very dry year, then any wet year, and so on.
Fig.2
The applied stochastic procedure has the advantage that seasonal and annual variability, trends and also cyclic patterns can be represented. Hence possible future climatic developments (Christensen et al., 2007; Kotir, 2011) and periodic variability (Tyson et al., 1975) were considered and a variety of future scenarios created. A disadvantage is that due to the resampling procedure, the range of extremes is constrained. However, a sufficiently long period of river flow records was available and several extremes (both wet and dry) occurred in this period. For future precipitation, temperature and evapotranspiration data, the dataset CRU TYN (Mitchell et al., 2004) was used, but the resampling followed the same approach in order to reproduce the cyclic pattern.
For socioeconomic development, four scenarios were considered, following a rather pragmatic approach. Development rates within the study area were implemented directly in WEAP as percentages of growth rates (i.e. population, livestock, irrigation) obtained by literature review (BGR, 2005; DWA, 2005 DWA, , 2008 Euroconsult, 2007; World Bank, 2010) . In addition, an assumption was made that due to socioeconomic development (e.g. building of dams, abstractions for irrigation), the river flow entering the catchment from upstream might decrease by 10%. This assumption is simple, but generally in agreement with predictions on future river flows and related studies (e.g. Goulden et al., 2009; World Bank, 2010; Beck & Bernauer, 2011) . Altogether, 40 scenarios were created (4 socioeconomic runs, each one under 10 climatic scenarios). We summarize the assumptions made and growth rates used for the creation of the scenarios in Appendix 3. For the present investigation on environmental flow assessment, two of the future scenarios were chosen: i) Scenario I (SC-I), considering climatic changes in the form of increased variability of extreme events and cyclic climate variation, as well as assumed socioeconomic impacts in the form of a mean decrease of runoff by 10%. According to the climate change reports (e.g. IPCC, 2007) and recent research (e.g. Goulden et al., 2009 , Beck & Bernauer, 2011 , most of which agree that the variability of runoff will increase. This Scenario I represents a very likely situation under these conditions. ii) Scenario II (SC-II), worst-case scenario: decrease of runoff by a mean of 10% due to socioeconomic reasons (i.e. increased water demand through population growth), and the occurrence of two dry periods following each other. This case was selected to investigate the feasibility of the current EFCs in a worst-case scenario.
Assessment of forecasted hydrological change (monthly time scale)
The hydrological indices of the flow regime, on a monthly basis, were used to compare current flow regime (EC, no relevant regulation) with the two selected future scenarios. Eleven 7 hydrological indices, which are relevant for the river ecosystem (Olden and Poff 2003; Mathews and Richter 2007; Monk et al., 2006) were estimated from the monthly flow records (same time scale used in WEAP). The selected indices were a sub-set of those used in previous studies (Belmar et al., 2011; Garófano-Gómez et al., 2013) to characterize river flow. The main advantage of these indices is that they avoid redundancy and describe average conditions, interannual variability, inter-monthly variability, high flows and low flows.
Assessment of critical habitats and relation with river flow
The mulapos were considered as critical habitats because of their major relevance in the floodplains. The persistence of these habitats depends on their periodical inundation; thus the inundated area of mulapos (maximum in April) was considered as an indirect indicator of the ES "fish production". The total volume of water retained in the mulapos (not in the channel) at peak flow is related to the amount of water potentially recharging the aquifer, thus providing base flow during the dry season; therefore, it was considered as an indirect indicator of another ES, "regulation (and mitigation) of river flows". These indicators were assessed using images of Landsat-7 (georeferenced Landsatlook images), provided by the USGS. First, the mapping of the mulapos was performed in a GIS using an image from May 2008 (a very wet year). May corresponds to the end of the wet season; rains have stopped and the remaining water indicated the extension of the mulapos. The Modified Normalized Difference Water Index (NMDWI) was used for this purpose. Based on this map the inundated area of mulapos was estimated for the month of highest flow (i.e. April) from 2001 to 2011. Then, a regression analysis between several indicators (i.e. mean wet season flow, maximum flow at the day of the satellite image) and inundated area of the mulapos was performed. The volume of water stored was estimated using the digital elevation model.
Area-Duration Curves and Estimated Annual Habitat for the critical habitats
The quantification of floodplain habitat for the three situations (EC versus scenarios) involved the analysis of hydrological time series of monthly river flow. We adapted the general approach by Matella & Jagt (2013) , using two indicators. First, the Area-Duration curve (AD curve) indicates the exceedance probability for the potential area of mulapos in the corresponding time series. This curve is equivalent to the habitat duration curves produced in the Alternative Analysis within the IFIM methodology (Bovee et al., 1998) . Peak flows under EC and the two scenarios were fitted to a Log Pearson Type-3 (LPIII) distribution in HEC-SSP (USACE, 2010), to generate 95% and 5% confidence intervals around the probability distribution; the flowduration curves and confidence intervals were obtained in HEC-SSP. This analysis used the maximum flow before the day of each satellite image in the wet season, i.e. from January to June. The AD curves were calculated by transforming the flow-duration curves into areaduration curves, based on the aforementioned flow-area regression.
Secondly, the area under the AD curve, namely estimated annual habitat (EAH), predicts the likelihood of inundated areas of mulapos occurring in any given year. This indicator proposed by Matella & Jagt (2013) was considered analogous to expected annual damages (EAD) used in flood risk analysis (Pingel and Ford, 2004) . As this indicator integrates all the events, including the extremes, it is equivalent to an average over the whole period. Thus other complementary indicators were estimated on the AD curve based on the indices proposed for habitat time series analysis of the IFIM (Milhous et al., 1990) . In this study we selected; i) A trimmed mean to represent the central habitat values (as the average of habitat area 8 corresponding to the probability of exceedance 20%, 50% and 80%); Index-H as indicator of the high habitat values (average of the habitat values between 0-10% of exceedance probability); and ii) Index-L as indicator of the low habitat values (average of the habitat values between 90-100% of exceedance probability).
General framework for the EFR
Considering the conceptual framework of flow-biota relationships, the EFCs and the flowhabitat assessment, general guidelines for EFRs were proposed, intended to provide the basis for interim EFRs for normal years. This estimate could be used by water managers as a basic proposal, which could be incorporated into discussions for a public participation process, and the subsequent implementation and monitoring of the achieved solution, in the framework of an adaptive management of water resources. For the generation of such a proposal, the percentiles P25 th and P75 th of the EFC were considered; thus the range P25 th -P75 th cover the situation of normal years, i.e. the central 50% of the data distribution in the time series. Thus, in 50% of the years, all the EFCs should be within the interquartile range defined here; in dry and wet years, lower and higher values than this general proposal should be ensured, respectively. The general aim of the EFR would be to maintain the EFCs in the range assessed in the existing condition; these are the initial flow management targets, according to the basic principles of the method of the RVA (Richter et al., 1997) .
RESULTS
Assessment of EFCs under Existing Condition
For the calibration of the EFC algorithm, the standard two-step process was applied, with the "advanced calibration parameters" in the IHA software. Flows below 325 m 3 s -1 were classified as low flows. For the separation of high flows into high-flow pulses, small floods, and large floods, small floods were defined as hydrological events with peak flows greater than 1350 m 3 s -1 (World Bank, 2010) , and large floods were defined as those corresponding to peak flows of 15 years of return interval or more. The extreme low flows were assigned to low flows below the 5% percentile of the daily flows. With the same calibration settings, the high-flow pulses were assessed during the late dry season when the recession of high floods is finished (OctoberDecember), and in the wet season from the start to the maximum peak flow (January-April), because of the relation between high flows and fish migration during these periods.
The EFCs obtained from the mean daily flows (medians and coefficient of dispersion, respectively) and the different links between the EFCs and the fish community are shown in Table 1 ; the definition of the EFCs in the time series of river flow is illustrated in Fig. 3 . These links are based on the conceptual framework provided for the Caprivi wetlands (previous section) and existing literature on the ecological relevance of the EFR (Richter et al., 2006; Mathews & Richter, 2007; The Nature Conservancy, 2009 ). The trend assessment indicated some relevant results for the EFCs; specifically, four parameters showed negative trends over time, i.e. January Low Flow (p < 0.05; R 2 = 0.86), September Low Flow (p < 0.01; R 2 = 0.63), High Flow Timing (p < 0.05; R 2 = 0.68), and High Flow Fall Rate (p < 0.05; R 2 = 0.70). The median monthly flow showed significant negative trends in all the months, but the R 2 were low; in August and September the R 2 was approximately 0.51. 
Future scenarios
The stochastic generation of future scenarios aimed at incorporating two crucial aspects; an approximate 18-year climate cycle (Tyson et al., 1975) revealed by statistical analysis, and an increase of extreme events (both wet and dry) in the future (Christensen et al., 2007) . The basic comparison of the scenarios and the observed time series are shown in Fig. 4 , as well as the hydrographs of mean monthly flow for the observed time series and the two scenarios. In both scenarios a decrease in runoff can be observed. In the worst-case (SC-II) mean flow was reduced by ca. 20%, which is significant. However, the 25 th and 75 th percentile remained very similar. Another relevant effect is shown in the extreme flows; the maximum flow reduced (highest whiskers) and the minimum flows increased. Regarding the monthly distribution of river flow, the future shape of the annual hydrographs mainly resembled the natural one. In SC-I, however, mean high flows are slightly higher than in the observed series (more extremes). In both scenarios, peak flows appear to be more concentrated in April rather than distributed over April and May, as in the observed series. A decrease of runoff during the dry season can be identified when comparing the mean low flows (MNQ) of the three series; MNQ equals 270 m³/s for the observed series. For SC-I (245 m³/s) and SC-II (216 m³/s) these are notably lower. Mean rainfall decreased from 646 mm (observed) to 553 mm in SC-I. This is in good agreement with values provided by the climate models HADCM3 and CSIRO (IPCC, 2007) . Precipitation in the worst-case scenario decreased by ca. 20% to a mean of 521 mm. Mean temperature for the two scenarios increased by slightly more than 1°C between 2012 and 2051. Reference evapotranspiration increased by ca. 100 mm/y to an approximated value of 1500 mm/y.
Assessment of forecasted hydrological change
The assessment of future hydrological changes indicated a remarkable mitigation of the flow variability. The reduction in the annual maximum flow and mean maximum flows (Fig. 4, Table  3 ) produce the reduction of the overall range of flows and the range (maximum minus minimum monthly flow). The hydrological indices representing average-flow indicate a small reduction under SC-I, but a dramatic reduction in SC-II, around 33%, in terms of mean and median annual flow. These changes in magnitude, as well as the reduction of inter-annual variability (range) can be related with the relevant reduction in the maximum monthly flows -MH13 (-28%); on the contrary, the reduction of minimum monthly flows is very small -ML13 (around -10% in SC-II). The reduction of magnitude and increase in the dispersion of mean annual flow produce an increase in CVinter in SC-I; however, in SC-II the important reduction in the high flows and range makes the increase in CVinter irrelevant (< 6%). Table 3 This effect is especially dramatic in SC-II, with reduction of 30% in range. The worst scenario is also highly affected by the total reduction of water yield, signifying an approximately 34% lower median annual flow. Such a reduction produces relevant effects in other indices, such as IL and AMIN/Q50; the latter indicates a reduction in the differences between medium and dry conditions, and its increase is 29% more than the EC.
Regardless of the reduction in maximum flows, the variability of maximum monthly flows (CVH) and minimum monthly flows (CVL) remain very stable (any variation being smaller than 6%). Although the mean of minimum monthly flows (ML13) barely decreases, in SC-II 
Assessment of critical habitats and relation with river flow
The critical habitats -the mulapos -were shown in the GIS analysis (see Appendix 4), as they are the lowest areas in the floodplain that still remain inundated in the month of May 
Area-Duration Curves and Estimated Annual Habitat
The AD curves for the scenarios are shown in Figure 5 . In the comparison between the existing conditions and SC-I (Fig. 5 , upper plot), the main differences occur for events with the probability of exceedance equal to or greater than 51%, i.e. related with some areas inundated with low and medium flows. In other types of events, the differences in probability are not significant, because there is an overlap between the confidence interval of both AD curves. In contrast, looking at the plot of SC-II (Fig. 5 , lower plot), the differences are remarkable in the long term, affecting all the events with a probability of exceedance equal to or greater than 23%. Accordingly, the AD curve indicators (Table 5) show a significant reduction under both EAH scenarios. Index-L (which indicates the area corresponding with the highest flows) decreased between 34 and 37% (with a slight difference between the two scenarios). The trimmed mean experienced a smaller reduction, between 17% and 25%. However, the events with the highest probability of exceedance (lowest flows) do not inundate the floodplain, as they do not exceed the threshold value of 1350 m 3 s -1 . Therefore, the most relevant changes are those in relation with the trimmed mean and the index-H. Table 5 General framework for the EFR Based on the conceptual framework of flow-biota relationships, the EFCs and the habitat analyses performed, this general framework for the EFR was elaborated:
• Mean monthly flows during the dry season (June-December (November), 275.6-322 m 3 s -1 (December).
• High-flow pulses during the dry season. Although the increase of flow should occur as a result of the gradual increase of flow in natural conditions, in the case of regulation, such a 11 change could be dampened due to specific dam operation rules for water management. Therefore in this case, the high-flow pulses are necessary in the late dry period, due to their ecological relevance; for instance, based on the 7-day maximum flow, one of the EFCs could be within the range of 346-619 m 3 s -1 , over 7 consecutive days (data not shown).
• Mean monthly flows during the wet season (January-May • Peak flow of Small Floods. These floods, which partially cover the floodplain occur almost every year; as stated above, the increase of flow until peak flow is gradual. Maximum peak flow during the Small Floods, occurring within the time window from the start to the end of April (Julian day from 92 to 117) showed a median of 3498 m 3 s -1 and an interval of 2507-4386 m 3 s -1 . This is considered as the largest target-flow pulse in a regular year; thus, assuming a gradual increase of flows during the wet season, it was not considered necessary to define additional flow pulses. In the case that decisions in water management produce a damping of the flow increase, a high-flow pulse of 2507-4386 m 3 s -1 would be necessary during April.
• Large Floods. These floods (with recurrence interval of 15 years) produce the peak flow in April (Julian day from 100 to 114). The target interval of the flood peak is 6251-6817 m 3 s -1 . As well as the small (regular) floods, these occur after a gradual increment of flow and water level during the wet season.
DISCUSSION
The characterisation of the hydrological parameters named Environmental Flow Components (Matthews and Richter, 2007) has provided a holistic description of the actual hydrological conditions as a fundamental baseline for future hydrological comparisons and environmental flow assessments. In the future, the environmental impact study of a hydraulic infrastructure, or the licensing process of a water abstraction, can be supported by the analysis of hydrological alteration (Richter et al., 1996) if there is a hydrological model to forecast daily river flows. Therefore, the pre-impact flow records -described herein -can be compared with post-impact flow records to determine which EFCs have been altered and in what manner or degree (Matthews and Richter, 2007) . Likewise, different future scenarios could be evaluated, such as the construction of a hydropower plant with specific operation rules, socioeconomic development or changes in land use.
Furthermore, our new conceptual framework of flow-ecology relationships allows the formulation of hypotheses about the future potential impacts of a given future scenario on some ecological processes and on fish populations. Thus, this piece of research establishes a starting point to explore the relationships between a variety of ecological processes and the flow regime, similar to previous studies in equatorial rivers (McClain et al., 2014) . In this study, given the limitation of data, our conceptual model focuses on fish populations and directly related processes, while some studies on EFRs with holistic approaches have formulated conceptual models and hypotheses about fish and riparian vegetation (Dickens, 2011; McClain et al., 2014) . Here we corroborate that the EFCs and their variability may become the building blocks of flow-ecology models that lead to environmental flow recommendations, monitoring and research programs, and flow restoration and protection activities (Matthews and Richter, 2007) .
Certainly, these EFCs in the form of intervals (P25 th -P75 th ) are useful as a baseline for the future definition of EFRs, but the definition of minimum thresholds could be an interesting step, which was beyond the scope of this study. Some of the simplest hydrological methods for EFAs only define a fixed percentage of the mean annual flow, often termed the minimum flow (Tharme, 2003) . Other hydrological methods consider the natural variability, from the simple Presumptive Standards (Richter et al., 2012) to other, more complex, techniques like the Base Flow Method (Palau and Alcazar, 1996) or the Desktop Method (Hughes and Hannart, 2003) , where the former was feasible here due to its data requirements. The Presumptive Standards method (Richter et al., 2012) suggests the restriction of the hydrologic alterations to within a percentage-based range around natural or historic flow variability, which was initially established at a maximum of ± 10% of the mean monthly flow (in the case of a high level of ecological protection) or ± 20% (in the case of moderate ecological protection). However, in the Zambezi River the hydrological variability of mean monthly flows naturally exceeds these presumptive percentages of deviation; e.g. in March and April the percentile P75% was 41% and 27% higher than the median monthly flow, respectively. Thus the target intervals of the RVA method, comprising the central 50% of the data distribution, are notably wider than the presumptive standards for the ecological protection.
Therefore, we decided to provide an orientation based on the interquartile range, where the median monthly flow should fit in 50% of instances and should be lower in 25% of instances, based on the natural flow regime. The RVA is a suitable orientation for rivers with ample hydrological records, instead of the Presumptive Standards, which were specifically created for study sites with data scarcity. The monthly time scale can be considered adequate in this context, because many water planners continue to use hydrologic models that operate on a monthly time step (Richter et al., 2012) , and there is no intra-daily regulation here. Additionally, the RVA goes further in the assessment of flow quantity, quality, timing, and duration of the river flows, which are critical for ecosystem integrity in regions like Caprivi, where flooding is needed to maintain fish habitats and permit the fish migration.
At the time scale of the last 35 years, the trend analysis of the IHA software indicated that the EFCs have been changing in some aspects. The low flow in September and January has decreased. These trends could be due to a variety of reasons, such as progressive reduction of precipitation, changes in temperature, gradual changes in land use and hydrology (e.g. proportion of forested versus agricultural land cover), or abrupt changes, such as new irrigation schemes, or a gradual increment of water abstractions with increasing population in the basin. The negative trend in the median monthly flows was general, although only robust in August and September. Therefore, the slow reduction in the water yield in every month, and the consequent reduction in the recharge of the alluvial aquifer during the wet season, makes the hypotheses of a natural alteration plausible. However, a more intensive use of water resources during the dry season could be also relevant. Such analysis would require more information and analyses, which are beyond the scope of this study. The high flow timing and fall rate also decreased, but these events were very scarce in the time series (N = 3), thus the trend was not considered representative.
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The reasons for the decline in low flows during the last 35 years are relevant when discussing the future feasibility of EFRs, because such a reduction could affect the applicability of environmental flows based solely on hydrological methods. September and October are the months with the smallest median monthly flows (Table 1 ) and the lowest percentile 25th corresponds to September. Therefore, the decreasing trend during September may negatively affect connectivity, and thus the dispersion and migrations of several species, the spawning of quiet-water species and the survival of fish during this limiting period. In the last decade of analysis, the Extreme Low Flows also occurred in some days of August, November and December. Although the trend of Low Flow in September was significant, the positive trends in Extreme Low Duration and Extreme Low Frequency only presented weak correlations. Furthermore, in SC-II the increase of the drought intensity and the number of days with Extreme Low Flows is notable (Table 3, Fig. 5 ), which may affect particularly in September and October. Therefore, the probability of the aforementioned severe ecological effects is considered to be very high.
Notably, the scenarios created compare well to those obtained by studies using more complex approaches, such as water balance modelling. Beck and Bernauer (2011) , for instance, created a hydrological model of the whole Zambezi river basin and investigated a variety of climatic and socioeconomic scenarios and their impact on river flow in the Zambezi. The results of SC-II (Qmean at Victoria Falls of 747 m³/s) matches well with scenario (2) (Qmean at Victoria Falls of 720 m³/s) from Beck and Bernauer (2010) . In this scenario the authors assumed "moderate demand and supply side changes and moderate climatic changes". In SC-I presented here produced a Qmean of 899 m³/s, which is between the two scenarios (1) (Qmean at Victoria Falls of 1002 m³/s) and (2) studied by Beck and Bernauer (2011) . Whilst the focus of the cited study is more on socioeconomic development (in particular irrigation expansion), our procedure prefers climatic developments since the socioeconomic part can be easily extended within the WEAP model. Even though the approach of Beck & Bernauer (2010) is more holistic, comprising a larger scale and all possible influencing factors, a pragmatic approach, such as that applied here, might be more practicable; we focused on one catchment and investigated how this catchment would be affected if the inflow decreased. By analysing the long time series, cyclic patterns were identified and included into future scenario creation. This is an advantage compared to the current climate models, which do not adequately take into account such factors (Tadross et al., 2007) . Often, there is neither a sufficient climate network with reliable and spatially dense network of historical records, nor is the effect of climatic and socioeconomic changes on the huge wetlands (i.e. Barotse) accurately predictable. By using the relatively long time-series of Katima Mulilo and analysing the effect of certain observed extreme years on the Caprivi-Chobe wetland and runoff downstream, future developments might be assessed as realistic as in more complex approaches.
The future hydrological changes indicated a remarkable mitigation of the flow variability, especially dramatic in SC-II, where the total reduction of water yield comprised approximately 34% smaller median annual flows. In accordance with the smaller flows, the AD curves indicate that the area inundated, for a given frequency, will be smaller in general. In SC-I, the impact is relevant, because approximately 49% of the events result in a significant reduction of the inundated area of mulapos. Under SC-II the impact is remarkable, because the events with probability of exceedance larger than 23% will be altered. Therefore, the area of mulapos would be reduced in the long term, with consequent physical and ecological changes, especially in the highest areas above the elevation of the river channel. From a hydrological perspective, the reduction in peak flows and habitat inundation mean a reduction of the recharge in the alluvial 14 aquifer during the wet season and lower base flow during the dry season. The relation between these processes is not linear and specific studies would be necessary to estimate such effects. Accordingly, and based on our conceptual model, we hypothesize that the reduction in the areas of mulapos would produce a reduction of the habitats for the spawning of quiet-water species, the food resources available for the fry and juvenile fish, and finally a reduction of the fish stocks. Some fish species that are more sensitive to the flow reduction would be more affected in terms of mortality during the dry season, as it is known that generally there is a high natural mortality of fish in the isolated pools and streams (Purvis, 2002) after the recession of the high floods. The total loss of habitat, in the long term, was estimated to be 14% and 22% (Table 5) , for SC-I and SC-II, respectively. Furthermore, the habitat loss during low events is similar and greater under both scenarios, at around 35%. As a consequence, we hypothesize that there could be a relevant reduction in the ecosystem services (ES) related, that is, to the fisheries associated to the dry season and in the extensive fish farming occurring in some mulapos. A limitation of these results can rely on the extrapolation of the correlation between peak flow and area. In the two scenarios the highest peak flows (5695 and 4553 m 3 s -1 for SC-I and SC-II, respectively) are within the range of the correlation, but the lowest peak flows (790 m 3 s -1 ) are lower than those in the natural condition, which may be considered a limitation of this assessment.
From the climatic and hydrological perspective, the stochastically created future scenarios have shown a decrease in the mean monthly flows in both scenarios as it was expected. Under SC-I, with increased variability of extreme events and cyclic climate variation, as well as a mean decrease in runoff by 10%, the median annual flow remained very similar (a reduction of 2.4%) as well as the quartiles. However, this reduction turns out to be very significant for SC-II, considering a decrease in runoff by a mean of 10% and the occurrence of two consecutive dry periods. The WEAP model can be regarded as a link between hydrology and socio-economy and, once parameterized it provides great opportunities to study scenarios. Socioeconomic predictions can be easily implemented into the model as well as economic analysis. This makes the model a very valuable tool for impact studies. A crucial aspect, however, is that a variety of reasonable climatic pathways is developed in a previous step. Stochastic procedures such as those applied in the present research might be an alternative to the use of climate predictions provided by global or regional circulation models. Stream flow is a hydrological variable that can be measured with a higher accuracy than rainfall. It further contains information on the whole catchment (or sub-catchment, depending on the station density). Using this information as a baseline for future assessments might be beneficial, especially in areas where other data are scarce. The results show how different development paths for climate and socio-economy affect water resources and provide an opportunity to investigate, define and implement adaptation strategies to mitigate impacts. Furthermore, in the future situation of a greater data availability, it would be possible to use more integrative approaches of water resources management, considering habitat analysis (physical habitat models) and hydrological information in the assessment of EFRs (Paredes et al., 2014) .
After the incorporation of habitat analysis and a conceptual ecological framework, this study demonstrates the importance of integrating different approaches in e-flows and also of considering the impact of climate change on environmental flows, as recent studies also demonstrated (Thompson et al., 2014) . The river and its floodplain should be considered as one unit with regards to the water, sediments and organic budgets (river-floodplain system). The results show the suitability of the habitat duration curves to analyse the effects of the flow regulation and the climate change on the floodplain habitats, as suggested by Matella and Jagt (2013) . 15 The complex and diverse floodplain ecosystems provide important habitats for the biota and fundamental ecological services for the populations, whose resources are intimately related to the annual flood pulse, with specific characteristics of magnitude, timing, duration, rise and fall rate. From the socioeconomic perspective, the populations in the floodplains are dependent on the variability of river flows and will be influenced by the implementation of EFRs under scenarios of further development. The outcomes of this research are undoubtedly motivating for further research on environmental flows, ecosystem services and sustainable water resources management in the Eastern Caprivi.
One of the relevant future steps, in the refinement of EFRs, can be the interpretation of the hydrological parameters shown here in the light of the river hydraulics. For example, McClain et al. (2014) quantified some of the EFCs in the Mara River, converted them into hydraulic variables and presented the ecological interpretation of the environmental flows for macroinvertebrates, fish and riparian vegetation in specific study sites. Accordingly, in different frameworks for environmental flows such as IFIM (Bovee et al., 1998) and in holistic methodologies like the BBM and the DRIFT, the interpretation of hydrological information with hydraulic models is fundamental to understanding flow-ecology relationships (Arthington et al., 2003; King & Brown, 2007) ; in the BBM, the hydraulic information is of quintessential importance to the success of the process as a whole (King et al., 2008) .
In the Caprivi Region, as in other rivers with a low level of abstraction or regulation, water managers are advised to pay special attention to the low-flow or extreme low-flow parameters in the EFR (Mathews & Richter, 2007) and take action when water abstractions may jeopardize multiple ES provided by the rivers. The availability of ES in the future is dependent on climate, management practices and socio-economy.
The hydrological characterisation of the flow regime, both at the daily and monthly time scale, has provided a baseline to develop a first conceptual framework of flow-ecology linkages in this region, based on existing literature. One of the limitations of this study is that there was no acquisition of experimental data or a plan for monitoring the characteristics of the fish communities. Nevertheless, the conceptual model presented here could be the first step for proposing hypotheses about the ecological processes, proposing monitoring activities to test new hypotheses, and finally applying an iterative process, which should result in the refining of EFRs, in the framework of an adaptive management process (Matthew and Richter, 2007) . 
